Background: Patients with advanced hepatocellular carcinoma (HCC) arising in nonalcoholic fatty liver disease (NAFLD) may not be suitable for systemic therapy due to metabolic syndrome-related diseases. Recent trials did not show a survival benefit of radioembolization (RE) compared to sorafenib in advanced stage HCC but RE may represent an adequate alternative in patients with contraindications to systemic therapy due to its favorable safety profile. Aim: To investigate the impact of NAFLD-related comorbidities on safety and efficacy of RE for HCC treatment in a retrospective monocentric cohort study. Patients and Methods: Safety and efficacy of RE were evaluated in patients with NAFLD-associated HCC. Hepatitis B virus (HBV)related HCC patients served as controls, exhibiting matching Barcelona Liver Cancer Clinic (BCLC) stages while showing significantly fewer metabolic comorbidities. Results: Overall, 87 HCC patients with NAFLD (mean age 71.3 ± 6.9 years) and 62 HCC patients with HBV (mean age 58.8 ± 10.9 years) not amenable to surgical or conventional locoregional treatments were included. Patients with HBV-related HCC had a comparable liver function to HCC patients with NAFLD. RE treatment-related toxicity did not differ between the two groups (increase in bilirubin Common Terminology Criteria for Adverse Events grade in 29 [38.7%] NAFLD and 20 [39.2%] HBV patients, p = 0.91). Overall survival was similar in HCC patients with NAFLD and HBV (11.1 [interquartile range, IQR, 18.27] vs. 9.3 months [IQR 14.73], p = 0.38), also in the subgroup analyses of BCLC B and C stages. Conclusion: RE showed similar survival outcomes at a comparable toxicity profile in HCC patients with NAFLD and HBV. NAFLD-associated metabolic comorbidities did not exhibit limitations for RE while offering comparable therapeutic efficacy as compared to HBV patients.
Introduction
Hepatocellular carcinoma (HCC) is the sixth most frequent malignancy and the second most common cause of cancer-related death worldwide [1] . Globally, HCC cases related to viral hepatitis are on the decline. In contrast, nonalcoholic fatty liver disease (NAFLD, i.e. hepatic steatosis without significant inflammation) and nonalcoholic steatohepatitis (NASH, i.e. hepatic steatosis associated with hepatic inflammation and hepatocellular ballooning) in particular have increasingly been recognized as risk factors for HCC [2] . Moreover, a significant proportion of patients develop HCC in the absence of cirrhosis [3] . Hepatocarcinogenesis appears to be associated with pathophysiological changes related to NASH [4] [5] [6] . Despite advances in screening and numerous therapeutic options, the 5-year survival rate of HCC patients is poor with approximately 15% [7] .
For patients not eligible for curative treatment approaches such as resection or liver transplantation, locoregional or systemic treatment options are indicated by the algorithm of the Barcelona Liver Cancer Clinic (BCLC) [8] . Standards of care are radiofrequency or microwave ablation for small tumors and transarterial chemoembolization (TACE) for larger tumors in the absence of macrovascular invasion. TACE prolongs survival in patients with intermediate stage HCC (BCLC stage B) [9] but has failed to show survival benefit in patients with advanced HCC, even in those individuals with well-preserved liver function (Child-Pugh A) [10] .
The Current European Association for the Study of the Liver (EASL) HCC clinical practice guideline [11] recommends systemic treatment with sorafenib or lenvatinib -both tyrosine kinase inhibitors (TKI) -as first-line therapy for advanced stage HCC (BCLC C) [12] . Potential side effects related to both therapies such as hand-foot skin syndrome, diarrhea and arterial hypertension have a clinically meaningful impact on patients' quality of life with frequent necessity of dose reduction or even therapy discontinuation.
In several retrospective trials radioembolization (RE) is effective for treatment of locally advanced HCC, with fewer side effects and better quality of life compared to sorafenib [13] [14] [15] [16] [17] .
In HCC patients with NAFLD, systemic treatment approaches are additionally limited by associated metabolic syndrome, which includes obesity, diabetes, hyperlipidemia and arterial hypertension frequently accompanied by chronic kidney and cardiovascular disease. In this scenario, standard of care treatment with TKI frequently aggravates hypertension and may increase the risk of myocardial infarction, potentially necessitating treatment de-escalation or even permanent discontinuation. Therefore, especially in this patient cohort an alternative treatment approach with a more favorable safety profile is highly desirable.
In this retrospective monocenter cohort study, we investigated the impact of NAFLDrelated comorbidities on the safety and efficacy of RE for HCC treatment. Patients with hepatitis B virus (HBV) infection-associated hepatopathy and HCC served as controls. The HBV cohort is rather homogeneous with controlled underlying disease while showing comparable liver function and BCLC tumor characteristics compared to the NAFLD patients.
Materials and Methods
454 consecutive patients with advanced HCC who underwent RE at the University Hospital Essen, Germany, between January 2006 and May 2014 were screened for this retrospective observational singlecenter study. The study was approved by the local ethics committee and carried out in accordance with the 1964 Helsinki Declaration.
In this HCC RE cohort, 87 NAFLD and 62 HBV patients were identified and subjected to further investigation. Patients were identified by using a structured database query using the coding by German adoption of the international classification of procedures in medicine and international statistical classification of diseases and related health problems.
RE indication and suitability for yittrium-90 glass microsphere injection was verified by a multidisciplinary tumor board. Patients with hepatic tumor progression following TACE or sorafenib treatment or ineligible for surgical resection, TACE or local ablation were considered suitable for RE. Patients with evidence of portal vein obstruction or extensive tumor burden were considered eligible for RE in cases with total tumor volume not exceeding 70% of total liver volume. Prognostically relevant extrahepatic tumor burden or angiographically proven uncorrectable gastrointestinal or pulmonary shunts were considered as exclusion criteria for RE. In the absence of prognostically relevant extrahepatic tumor burden, patients who were not amenable for or refused TKI treatment, RE was offered as salvage therapy. Application of yttrium-90 microspheres was undertaken with segmental, lobar or bilobar infusions depending on tumor location and focality. Bilobar applications were predominantly administered sequentially with an interval of 4 weeks. Furthermore, patients undergoing RE in a curative intent, for bridging or downstaging to liver transplantation, were excluded.
Tumor burden and distribution according to baseline contrast-enhanced computer tomography of the thorax and abdomen or of the thorax and contrast-enhanced magnetic resonance imaging of the abdomen and a skeletal scintigraphy were recorded. Liver function and general health status were evaluated using laboratory blood tests including blood count, INR, bilirubin, ALT, AST, AP, GGT, albumin, CRP, AFP and creatinine. Glomerular filtration rate was calculated using the Modification of Diet in Renal Disease formula. Clinical parameters such as ascites, hepatic encephalopathy, body weight and size as well as preexisting medical disorders were recorded accordingly. Performance status was evaluated using the European Cooperative Oncology Group (ECOG) criteria.
Demographic data (age and sex), body mass index as well as detailed medical history of diabetes were also recorded. Diabetes mellitus, arterial hypertension, hyperlipidemia and the metabolic syndrome were defined according to the definitions of the Joint Scientific Statement for Harmonizing the Metabolic Syndrome [18] . NAFLD was defined according to histological features, when available, or cryptogenic cirrhosis in the presence of metabolic syndrome and absence of any history of significant alcohol intake and/or viral hepatitis [19] . Significant alcohol intake was defined as consumption of more than 2 standard drinks daily or more than 6 drinks daily on weekends for at least 5 years [20] . The presence of HBV and HCV was excluded by qualitative testing for hepatitis B core antibodies, hepatitis B surface antigen and anti-HCV antibodies. All patients with HBV were treated with the nucleoside analogs tenofovir or entecavir with dose adjustment according to GFR.
Liver cirrhosis was diagnosed using histology or typical imaging or clinical findings including ascites, hepatic encephalopathy, splenomegaly or laboratory results indicating impaired liver function.
Patients with 2 or more other diseases predisposing for cirrhosis and/or HCC were excluded from this study. HCC was diagnosed according to the EASL guidelines via histology or by two different contrast-enhanced imaging modalities [21, 22] . The BCLC staging system was used for determination of disease stage [8] .
The clinical outcome of this cohort was recorded until December 2016. RE-related toxicity was determined by INR, bilirubin, albumin, creatinine, ALT, AP, GGT, CRP and albumin-bilirubin (ALBI) score changes to baseline 3 months after the last RE session.
Statistical analysis was performed using the commercially available software SPSS Version 24.0 (2016). Standard descriptive statistics were used to illustrate baseline characteristics. The p values for continuous, parametrical baseline variables were assessed by Student's t test, nonparametrical and categorical variables by the Mann-Whitney U test and nominal categorical variables by the χ 2 test or Fisher's exact test. Survival probabilities are displayed graphically by the Kaplan-Meier method. Univariate and multivariate Cox regression analyses were constructed to test the significance of clinical and biochemical prognostic indicators of survival with 95% confidence intervals (95% CI) for estimated parameters. All p values are twosided with a significance level of 0.05. 
Results

Baseline Characteristics
Eighty-seven NAFLD patients and 62 HBV patients were analyzed in this study. NAFLD patients were older than HBV patients (median age 71.3 [±6.9] vs. 58.82 years [±10.92], p ≤ 0.01). Extrahepatic comorbidities such as obesity, diabetes, dyslipidemia, hypertension, cardiovascular disorders and chronic kidney diseases were more frequent in NAFLD patients (p < 0.01). Performance status determined by ECOG did not differ significantly between the two cohorts but trended towards a better performance status in the HBV cohort. Disease characteristics of the 149 patients at baseline are shown in Tables 1 and 3 .
Liver Function and Laboratory Values
HBV patients were more likely to be cirrhotic (NAFLD 50.6% vs. HBV 72.6%; p ≤ 0.01). Liver function determined by standard staging algorithms (Child-Pugh score; model of end-stage liver disease, MELD, albumin-bilirubin, ALBI, scores) did not significantly differ between the two groups (p ranging from 0.07 to 0.68). Evidence of portal hypertension encompassing ascites, splenomegaly and esophageal varices was comparable (p ranging from 0.17 to 0.4) ( Table 1) .
Laboratory findings showed lower median platelet count and higher levels of bilirubin in the HBV cohort compared to NAFLD within nonpathological margins. In contrast, NAFLD patients exhibited significantly higher levels of serum creatinine and consecutive lower glomerular filtration rate revealing an overall higher prevalence of chronic kidney disease than their HBV pendants (Tables 2, 3 ).
Tumor Stages
The majority of patients was HCC treatment naïve at the time of RE (NAFLD 65.5% vs. HBV 56.5%). Tumor stage according to a BCLC diagnostic and treatment algorithm showed similar proportions of BCLC A (NAFLD 3.4% vs. HBV 1.6%), B (NAFLD 32.2% vs. HBV 41.9%) and C (NAFLD 64.4% vs. HBV 56.5%) patients (p = 0.39). NAFLD-associated HCC were more likely to be unifocal (NAFLD 20.7% vs. HBV 8.1%, p = 0.04) but with larger diameters (NAFLD 9.12 cm [±11.85] vs. HBV 6.7 cm [±4.06], p = 0.05). Target tumor volume, evidence of macrovascular infiltration and evidence of extrahepatic metastasis showed no significant differences between cohorts. A total of 204 RE treatments were performed with a median of 1 session (range, 1-2) per patient. 94 RE were performed as single sessions (17 patients single session bilobar, 77 patients single session unilobar), and 55 were administered sequentially bilobar sessions. Decision to treat uni-versus bilobar and sequential versus single session was made independently of underlying hepatopathy.
Safety and Tolerability
Follow-up examinations were commonly performed by outpatient practices or at our gastroenterology outpatient clinic. Thus, laboratory examinations were not consistently available for all patients. Between 40 and 85% of patients provided evaluable laboratory results 3 months after RE. Posttreatment toxicity determined by change of Common Terminology Criteria for Adverse Events (CTCAE) or ALBI score did not differ between the two groups. Grade 3 CTCAE total bilirubin increase was reported in 20.0% of NAFLD versus 15.7% of HBV patients, respectively (p = 0.64). None of the patients experienced albumin toxicities ≥ grade 3 after RE ( months [IQR 14.7] , p = 0.38) ( Fig. 1 ). Patients at BCLC stage A were not evaluable due to the small sample size. The median OS in stage BCLC B exhibited a median survival of 16.4 months (IQR 21.5; n = 28) in NAFLD versus 14.3 months (IQR 17.6; n = 26) in HBV patients, in advanced stage BCLC C 8.0 months (IQR 16.2; n = 56) in the NAFLD versus 5.6 months (IQR 8.5; n = 35) in the HBV cohort. OS was within the NAFLD (p = 0.13) and the HBV (p = 0.75) cohort independent of uni-versus bilobar treatment approach.
Univariate/Multivariate Analyses
In univariate analysis bilirubin, AST, albumin, ECOG, ascites and metastases were predictors of survival for both cohorts. Creatinine (NAFLD p = 0.09 vs. HBV p < 0.01) and vascular infiltration (NAFLD p = 0.5 vs. HBV p < 0.01) were not prognostically significant in NAFLD in contrast to HBV (Table 4 ). Extrahepatic comorbidities including obesity, diabetes, dyslipidemia, arterial hypertension, cardiovascular disorders and chronic kidney diseases were not predictive for OS ( Fig. 2; Table 3 ). In NAFLD, age-adjusted subgroup analysis showed Multivariate analysis demonstrated that AST, albumin, ascites and evidence of metastases were independent negative predictors of survival in NAFLD. Bilirubin, creatine, ECOG and vascular infiltration were negative predictors in the HBV cohort, respectively ( Fig. 3 ; Table 4 ).
Discussion
In our study survival outcomes and toxicity profile for HCC patients with NAFLD and HBV who received RE were comparable. While TKI treatment is frequently restricted by doselimiting toxicities, RE may represent an adequate therapeutic alternative, especially for those patients with NAFLD-related HCC. Our patients exhibited survival rates comparable to sorafenib as shown in previous phase III and IV trials [12, 23] . Our data clearly demonstrate that NAFLD-associated comorbidities did not impair RE safety compared to our HBV controls. While renal impairment significantly reduces OS in HBV, it did not impact OS in NAFLD.
In our HCC cohort NAFLD exhibited a statistically noninferior OS compared to HBV. The numerically longer OS in NAFLD compared to HBV patients is remarkable considering the distinct higher average age in the NAFLD population.
In a recent bicentric retrospective study on older HCC patients (≥75 years) conducted by Williet et al. [24] , sorafenib treatment was discontinued in 60.8% of the patients within 3 months due to intolerable toxicity, mostly in those who had ECOG performance status ≥I, or cardiovascular disease. In this setting, OS was significantly reduced [24] . Here, RE exhibited similar efficacy with a favorable safety profile compared to sorafenib in intermediate and advanced stage HCC independent of underlying liver disease [17, [25] [26] [27] [28] , which is in accordance with our findings.
The median OS in our RE NAFLD and HBV cohort was comparable to major phase III firstline systemic treatment trials (sorafenib monotherapy ranging from 8.0 to 12.3 months [12] , lenvatinib monotherapy 13.6 months [29] ) and phase III RE trials (SARAH trial with RE monotherapy 8.8 months [28] , SIRVENIB trial with RE plus sorafenib 9.9 months [30] ). In contrast to the systemic and locoregional phase III trials mentioned above, a larger proportion of our RE-treated patients had impaired liver function at the time of treatment classified as Child-Pugh stage B (NAFLD 13.8% and HBV 25.8%) and poorer ECOG performance status >I (6%). In direct comparison to our study, patients with impaired liver function were rather underrepresented in relevant phase III HCC treatment trials (Child-Pugh stage B ranging from 1 to 5% in TKI trials [12, 29] and from 7.7 to 16% in RE trials [13, 28] ). The majority of our NAFLD and HBV patients had advanced stage HCC (BCLC C) with limited extrahepatic tumor burden at the time of RE. According to the literature, in these patients, morbidity is mainly driven by intrahepatic tumor burden resulting in hepatic decompensation, therefore intrahepatic tumor control is a relevant positive predictive factor [31, 32] .
Recent clinical trials on RE commonly include HCC patients of mixed etiologies. Among those, HCV patients represent the largest cohort with a proportion ranging between 43.1 and 46.1% [16, 25, 33] . Despite increasing prevalence of NAFLD as underlying etiology of HCC in the western world, a focused analysis on safety and efficacy of RE in this cohort has not been performed yet.
According to our data NAFLD and HBV patients exhibit distinct differences in extrahepatic comorbidities. The detected manifestations of metabolic syndrome, cardiovascular disease and consecutive chronic kidney disease (CKD) in our NAFLD cohort are in accordance with the findings of previous publications [34] .
Jun et al. [35] described that compared to hepatitis-virus-related HCC, the cohort with cryptogenic HCC (containing a relevant proportion of NAFLD) had larger tumor sizes and poorer OS despite lower prevalence of cirrhosis. This observation is confirmed by a retrospective German monocenter study with 1,119 HCC patients, conducted by Weinmann et al. [36] , where larger and more likely unifocal tumor lesions were found in NASH compared to HBV. Furthermore, they demonstrated that the NASH cohort showed an inferior OS compared to other HCC etiologies despite preserved liver function [36] . Our cohort showed similar results to those of Weinmann et al. and Jun et. al concerning evidence of liver cirrhosis and advanced tumor stage. Of note, two thirds of our NAFLD patients were naïve to tumor specific therapy prior to RE. While in the cohort of Weinmann et al. [36] the MELD score in NASH was significantly lower compared to controls, in our study it was consistent between NAFLD and HBV. This is attributed to elevated baseline serum creatinine levels in NAFLD, resulting in a higher MELD score despite adequate liver function. In our cohort HBV and NAFLD patients exhibited matching BCLC stages. Furthermore, HBV showed favorable preconditions with younger age, less comorbidities and a tendency to a better ECOG performance status. Despite disadvantageous risk factors, our NAFLD patients undergoing RE showed a safety profile comparable to HBV. Hepatic toxicity expressed by ALBI score did not favor one etiology either. Also, unanticipated, median OS following RE between our NAFLD and HBV cohorts did not exhibit significant differences (NAFLD OS 11.17 months [IQR 18.27] vs. HBV OS 9.32 months [IQR 14.73]).
In accordance with the results of a multicenter study conducted by Golfieri et al. [25] , where OS after RE was not affected by patient age (197 patients < 70 years vs. 128 patients > 70 years), in our NAFLD cohort age-adjusted subgroup analyses confirmed that patient age and related comorbidities did not impact OS. In contrast, higher age in TKI treatment is a predictor for toxicity and unfavorable survival [24] . Our data clearly indicate that NAFLD and age-related comorbidities do neither result in higher toxicity following RE nor significantly impact median OS.
Evidence on the potential impact of CKD on OS in HCC patients is limited; however, the current literature indicates that CKD is associated with poor prognosis [37] . Safety data on renal toxicity of sorafenib in HCC treatment are scarce and have to be extrapolated from other tumor entities. Available pharmacokinetic analyses from sorafenib in renal cell carcinoma treatment implicate requirement to closely monitor drug-related toxicity [38] .
Most likely related to CKD and independent of liver function, NAFLD patients exhibit higher baseline serum creatinine levels, resulting in higher MELD scores, showing no correlation with OS in contrast to the HBV cohort. Here elevated creatinine (HR 7.46 [CI 2.08-26.7]) with an increased MELD score substantially impacts survival since renal impairment is an expression of the multifactorial interplay in the presence of liver cirrhosis [39, 40] . This observation emphasizes the etiology dependent heterogeneity of HCC and the dynamic interaction between hepatopathy and extrahepatic comorbidity.
To our knowledge this is the first European study selectively investigating safety and efficacy of RE in an HCC-NAFLD cohort with an adequate population size, despite its monocentric design. Data on metabolic and cardiovascular features and toxicity of NAFLD were well recorded and enabled us to clearly demonstrate that RE in NAFLD exhibited comparable survival outcomes to an HBV population, despite multimorbidity.
However, our study shows certain limitations related to the retrospective nature of this monocenter RE cohort. While several prospective RE trials systematically recorded features of quality of life confirming the favorable tolerability of RE treatment, our study focused on the assessment of parameters reflecting safety and efficacy. Furthermore, follow-up data regarding the cause of death are unavailable in our study.
Conclusion
Increasing incidence of NAFLD-related HCC demands treatment approaches accounting for comorbidities that are related to metabolic syndrome and higher patient age. RE may represent a safe and efficient treatment option especially for those who exhibit potential contraindications for standard of care locoregional and systemic treatment options.
